Scapuloperoneal spinal muscular atrophy (SPSMA) and hereditary motor and sensory neuropathy type IIC (HMSN IIC, also known as HMSN2C or Charcot-Marie-Tooth disease type 2C (CMT2C)) are phenotypically heterogeneous disorders involving topographically distinct nerves and muscles. We originally described a large New England family of FrenchCanadian origin with SPSMA and an American family of English and Scottish descent with CMT2C 1,2 . We mapped SPSMA and CMT2C risk loci to 12q24.1-q24.31 with an overlapping region between the two diseases 3,4 . Further analysis reduced the CMT2C risk locus to a 4-Mb region 5 . Here we report that SPSMA and CMT2C are allelic disorders caused by mutations in the gene encoding the transient receptor potential cation channel, subfamily V, member 4 (TRPV4). Functional analysis revealed that increased calcium channel activity is a distinct property of both SPSMA- and CMT2C-causing mutant proteins. Our findings link mutations in TRPV4 to altered calcium homeostasis and peripheral neuropathies, implying a pathogenic mechanism and possible options for therapy for these disorders.
SPSMA is characterized by progressive scapuloperoneal atrophy and weakness, laryngeal palsy, congenital absence of muscles and developmental abnormalities of the bones 1 . Pathological studies of biopsy and autopsy samples from an individual with SPSMA revealed severe muscle fiber-type grouping and atrophy (Fig. 1a) , extensive fatty replacement, increased endomysial fibrosis, marked variability of fiber size, and many fibers with multiple internal nuclei, fiber splitting and multiple nuclear bags ( Fig. 1b and Supplementary  Fig. 1a ). Both type 1 and type 2 fibers showed atrophy as demonstrated by ATPase staining (Fig. 1c) . These pathological changes were particularly severe in the gastrocnemius muscle. However, brain and spinal cord sections revealed normal numbers of motor neurons in the motor cortex and spinal cord. There was no gliosis in the anterior horns. The lateral corticospinal tracts were well preserved ( Fig. 1d and Supplementary Fig. 1b ). These findings, together with previous clinical and neurophysiological data 1 , support a diagnosis of spinal neurogenic amyotrophy due to peripheral motor neuropathy.
Because the entire 4-Mb CMT2C-linked region is included in the 14-Mb SPSMA-linked region and SPSMA and CMT2C share some common clinical features, including characteristic vocal cord paresis 1-5 , we considered that SPSMA and CMT2C may be clinical Scapuloperoneal spinal muscular atrophy and CMT2C are allelic disorders caused by alterations in TRPV4 l e t t e r s variants of the same genetic entity. We thus focused on identifying the genetic defects underlying these two related disorders.
We first excluded mutations in HSPB8, which is linked to distal hereditary motor neuropathy (dHMN) typeIIA 6 and CMT2L 7 near the CMT2C locus. We also excluded mutations in UBE3B, USP30 and LHX5 (LIM homeobox 5), which share homology to either UBA1 (previously called UBE1) or FHL1, as mutations in UBA1 and FHL1 are linked to infantile spinal muscular atrophy 8 and scapuloperoneal myopathy 9 , respectively. We then sequenced a total of 62 genes, including all the 56 known and predicted genes in the minimum 4-Mb CMT2C region, using DNA samples from individuals with SPSMA. We identified a heterozygous mutation in the TRPV4 gene [10] [11] [12] . The mutation, C946T, occurs in exon 6 and is predicted to result in an amino acid substitution of arginine by cysteine at codon 316 (R316C) (Fig. 2a) . This C946T mutation cosegregated with the disease in the large SPSMA pedigree (Fig. 2b) . The mutation causing this substitution was not present in the SNP database or in over 600 control samples. The other genetic variants we found either were polymorphisms and/or did not co-segregate with the disease. Thus, in the SPSMA-affected family, the R316C-causing substitution in TRPV4 was the only genetic defect we found in the coding exons of all the genes within the minimum region shared by both the SPSMA and CMT2C loci.
We then extended our genetic analysis of TRPV4 to the original CMT2C-affected family 2,4 . Previous sequence analysis of 45 genes in the CMT2C region did not reveal any pathogenic mutation. However, analysis of TRPV4 revealed a heterozygous mutation, G806A, leading to R269H, in exon 5 of the TRPV4 gene in this large CMT2C pedigree (Fig. 2c) . This R269H substitution co-segregated with the disease in this family (Fig. 2d) . The G806A mutation was not present in the SNP database, and we did not detect it in over 700 control samples. Both Arg316 and Arg269 of TRPV4 are conserved among human, rat, mouse, chicken, stickleback and zebrafish (Fig. 2e) .
Notably, both R269H and R316C occur in the ankyrin repeatcontaining region of the cytoplasmic N terminus, which usually mediates protein-protein interactions (Supplementary Fig. 2) 13, 14 . TRPV4 splice variants affecting this region have shown defects in oligomerization, leading to accumulation of TRPV4 monomers in the endoplasmic reticulum 15 . Because these variants are unable to be targeted to the plasma membrane, they are functionally inactive 15 . To examine whether the mutants have defects in subcellular trafficking, we analyzed the subcellular distribution of human wild-type TRPV4 (wtTRPV4) and mutant TRPV4 with the R269H or R316C substitutions in transiently transfected cells from the HEK293 line. We found that exogenous TRPV4 was present on the plasma membrane. Both mutants had a similar pattern of subcellular localization 
l e t t e r s
to wtTRPV4 in the transfected cells (Fig. 3) , suggesting that these two alterations might not interfere with channel assembly and intracellular trafficking. This notion was supported by cell surface biotinylation assay, which did not show a significant difference in the level of TRPV4 at the plasma membrane between the wild-type and mutant proteins (data not shown). The TRPV4 channel responds to a large variety of stimuli 16 . To test the potential effects of the mutations of interest on calcium channel activity, we analyzed the calcium channel activity of transiently transfected HEK293 cells using internal Fura-2 fluorescence ratio (activity at 340 nm/activity at 380 nm) as an indicator of the intracellular Ca 2+ levels, which depend on Ca 2+ influx. We examined the calcium levels of the transfected cells in response to various stimuli, including the TRPV4-specific agonist 4α-phorbol 12,13-didecanoate (4αPDD) (Fig. 4) , osmotic cell swelling (Fig. 5) , moderate heat (37 °C) (Supplementary Fig. 3 ) and endogenous agonist arachidonic acid (Supplementary Fig. 4 ). We observed a consistent pattern of channel response to different stimuli. First, in nonstimulus conditions, cells transfected with either wild-type or mutant proteins showed increased basal intracellular calcium levels when compared to the nontransfected cells. Second, the presence of the TRPV4 mutant protein resulted in substantially higher basal calcium levels than wtTRPV4 protein, suggesting an increased constitutive activity for the mutants. Finally, the maximum and net increase in calcium levels in cells transfected with mutant TRPV4 were markedly higher than those in cells transfected with wtTRPV4 when activated by all the stimuli tested, suggesting that the mutations confer an increased channel activity (Figs. 4 and 5 and Supplementary Figs. 3 and 4) . The increased calcium channel activity could be inhibited by the TRPV antagonist ruthenium red (data not shown).
We then examined the effect of the CMT2C-linked substitution R269H on the electrophysiological properties of TRPV4. Whole-cell patch-clamp recordings were obtained from transiently transfected HEK293 cells. Although nontransfected cells had only small basal currents that did not show TRPV4 rectification (data not shown), cells transfected with either wtTRPV4 or TRPV4 carrying the R269H change showed large, outward-rectifying basal currents (Fig. 6a,b) . Addition of the TRPV blocker ruthenium red to the bath markedly reduced the currents (Fig. 6a,b) ; the ruthenium red-sensitive component was then obtained by offline digital subtraction (Fig. 6c,d) . These data show that most of the basal current in the transfected cells was actually mediated by TRPV4 channels (Fig. 6e,f) . Consistent with the calcium imaging data, the ruthenium red-sensitive TRPV4 conductance was higher in cells expressing the CMT2C-linked mutant compared to wtTRPV4 (at 100 mV, the normalized conductance of the ruthenium red-sensitive component was 0.354 ± 0.47 nS/pF and 2.105 ± 0.57 nS/pF for cells expressing the wild-type (n = 9) and the mutant channels (n = 6), respectively (P < 0.01; Fig. 6g) ). Similar to a previous study 12 , we also observed that about half of the wild-type (22 out of 47) and mutant (15 out of 27) TRPV4-transfected HEK293 cells did not show rectifying TRPV4 currents.
TRPV4 is a vanilloid receptor-related transient receptor potential channel 17 , and it plays an important role in neural signaling 18 . Recently, two missense mutations (resulting in the R616Q and V620I substitutions) in TRPV4 were identified in two families with brachyolmia 19 . Subsequently, six TRPV4 missense mutations were found in spondylometaphyseal dysplasia, Kozlowski type (SMDK), and two TRPV4 missense mutations were found in metatropic dysplasia 20 . Brachyolmia, SMDK and metatropic dysplasia are autosomal dominant dysplasias of the bones with variable severity. Among eight skeletal dysplasia-linked mutations tested in vitro, seven resulted in increased basal calcium channel activity, suggesting that a gain-of-function mechanism, possibly an increase in calcium channel activity, underlies the skeletal dysplasias 19, 20 . This hypothesis is supported by the observation that overexpression of mouse wild-type Trpv4 in zebrafish causes marked shortening and curvature of the axial skeleton 21 .
Notably, some individuals in the SPSMA-affected family also presented variable skeletal abnormalities in addition to neuromuscular phenotypes. The skeletal abnormalities included congenital hip dysplasia, scoliosis, smaller hands with clinodactyly, and one arm or leg shorter than the other 1 . Identification of the R316C substitution in the SPSMA-affected family suggests that the R316C mutant may share a common property with other skeletal dysplasia-linked mutants in triggering skeletal abnormalities, and another distinct property with CMT2C-linked R269H substitutions in triggering neuropathic For each condition, n > 15 in at least three independent recordings. *, significant differences when compared with wtTRPV4 (two-tailed Student's t test, P < 0.005). Error bars, means ± s.e.m.
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volume 42 | number 2 | february 2010 Nature GeNetics l e t t e r s phenotypes. Thus, the SPSMA-linked R316C mutant may have two different properties that bridge these two clinically distinct groups of disorders (skeletal dysplasias and peripheral neuropathies). Sensory impairment was found in some individuals with CMT2C but was not obvious in most of the individuals with SPSMA, with the exception of reduced vibratory sense at 256 Hz in the feet in some individuals with SPSMA 1,2 . However, it has become apparent that mutations in the same gene can cause distinct phenotypes or a spectrum of related phenotypes, as in CMT and hereditary motor neuropathy (HMN). For example, mutations in GARS cause CMT2D and dHMN5 (ref. 22) , mutations in HSPB1 cause CMT2F and dHMN2B 23 , and mutations in HSPB8 result in CMT2L 7 and dHMN2A 6 . These phenomena suggest that other genetic and environmental factors may modulate disease phenotype.
The pathogenic mechanism underlying the mutant TRPV4-mediated peripheral neuropathies is not yet clear. As R316C and R269H mutants have increased basal and maximum calcium channel activities compared to wtTRPV4, a gain-of-function rather than a loss-of-function mechanism is likely to be involved. This notion is supported by a previous observation that mice lacking Trpv4 do not show apparent neuromuscular abnormalities 24, 25 . TRPV4 expression and/or function can be regulated by other auxiliary proteins such as OS-9, WNK4, AQP5 and the AIP4 ubiquitin ligase 21, [26] [27] [28] [29] . It has been demonstrated that PACSIN3 strongly inhibits the basal activity of TRPV4 and its activation by cell swelling and heat, but not by 4αPDD. Specific mutations of proline residues near the first ARD in the N terminus of TRPV4 abolish binding of PACSIN3 and render the channel insensitive to PACSIN3-induced inhibition 30 . These findings highlight the functional importance of the sequence alterations in TRPV4 and the interactions of TRPV4 with other proteins.
TRPV4 is widely expressed in diverse cells, but the R269H and R316C substitutions prominently affect axons of lower motor neurons. We have considered four possible mechanistic relationships in the development of SPSMA and CMT2C. First, motor neuron firing produces membrane potential changes in the axons, which may enhance the gain-of-function properties of these mutants more robustly than in electrically less-active tissues. Second, these mutations may alter the interactions of TRPV4 with protein(s) specifically expressed in the lower motor neurons. This may lead to an increased TRPV4 activity similar to the modulation of TRPV4 activity by PACSIN3 (ref. 30) . Third, the pathology may be mediated by local and tissue-specific availability of endogenous or environmental agonists, leading to an increase in the gain of function of the TRPV4 mutants. The deleterious response seen in the axons may be related to their larger surface area, as opposed to the cell body, which is spared. Lastly, the proximal-to-distal gradient of axonal diameter, internodal distances and limb temperature may interplay with the specific properties of each mutant to produce the specific topographic distribution of nerve damage seen as more proximal in SPSMA and more distal in CMT2C. Although our findings open a new avenue for understanding the pathogenesis of peripheral neuropathy, further studies are needed to elucidate the link between specific TRPV4 properties and clinically distinct disorders caused by mutant TRPV4. To account for the three clinically distinct but sometimes overlapping phenotypes associated with TRPV4 mutations, we propose that the collective syndrome be named TRPV4-associated peripheral neuropathy and bony dysplasia, or TRPV4-PNAB.
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